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THE TYPICAL LACTATION CYCLE of a dairy cow includes a nonlactating, or dry, period of 40 -60 days between successive lactations. This dry period promotes remodeling and restoration of mammary secretory tissue prior to the next lactation (30) . Manipulation of photoperiod, or the duration of daily light exposure, during the dry period is a management tool to increase milk yield in the subsequent lactation. Specifically, cows exposed to a short day (SD; 8 h light-16 h dark) photoperiod during the dry period produce about 3 kg/day (ϳ5-10%) more milk in the subsequent lactation than cows exposed to long day (LD; 16 h light-8 h dark) photoperiod (4) . This photoperiodic effect on milk production is substantial and consistent across multiple studies and species, including sheep and goats (21) . The increased milk yield must result from enhanced function of the mammary gland; yet the underlying mechanisms have not been elucidated.
Milk production is fundamentally determined by the number and activity of secretory cells in the mammary gland (12) , suggesting that photoperiod manipulation must affect one, or both, of those factors. Indeed, mammary epithelial cells of cows exposed to SD during the dry period had higher proliferation rates at 3 wk prior to parturition and reduced apoptosis rates overall, relative to cows on LD (53) . Photoperiod manipulation also affects mammary parenchymal growth in prepubertal calves, such that mammogenesis is enhanced by LD treatment (21) . Together, these studies clearly demonstrate that photoperiod can influence mammary development and function; however, data on the effects of photoperiod on mammary gene expression are limited.
To identify potential mediators of photoperiodic effects on mammary gene expression and function most studies have focused on investigating the role of two hormones, insulin-like growth factor I (IGF-I) and prolactin. Relative to LD, exposure to SD photoperiod, during either the dry period or lactation, decreases circulating prolactin (21) . Prepartum SD exposure is also accompanied by an increase in mammary expression of prolactin receptor (4, 21) . The increase in receptor abundance could promote growth through signaling pathways that include members of the suppressor of cytokine signaling gene family (53) , although additional transcriptional regulation seems likely. Circulation of IGF-I, a growth factor known to have galactopoietic effects in goats (47) , increases early in the dry period (1) , potentially inhibiting mammary cell apoptosis (39) . Exposure to LD photoperiod during lactation also increases circulating IGF-I concentrations in cows concurrently producing more milk than their SD counterparts (18) . These findings suggest that circulating IGF-I may mediate the galactopoietic response to photoperiod in lactating dairy cows. To the contrary, Miller and coworkers (41) reported only a nonsignificant increase in blood IGF-I concentrations in cows exposed to SD, compared with those on LD, while dry. This led Wall and coworkers (53) to hypothesize that local expression of IGF-I in the mammary gland of dry cows might replace the blood-borne supply. However, they reported a significant increase in mammary expression of IGF-II but not IGF-I in cows on SD relative to those on LD photoperiod (53) .
As indicated above, very few genes have been investigated as potential mediators of the milk yield response to photoperiod treatment in dairy cows (21) . Recent transcriptomic studies of peripartum mammary development (13, 25, 26) , milking frequency (15, 38, 54) , environmental stress (14) , bacterial invasion (50) , and lactation (7, 8, 29, 33 ) have identified changes in gene expression related to functional outcomes in the bovine mammary gland. Genes identified in those studies are good candidates to be modulators of mammary function in response to external cues. To identify photoperiod-responsive genes, we have compared the mammary transcriptome of dairy cows exposed to LD or SD photoperiod during the dry period.
We also compared gene expression at two time points to identify genes differentially expressed during mammary differentiation prepartum. We hypothesized that differential gene expression in cows exposed to LD or SD photoperiods during the dry period could be used to identify the functional basis for the subsequent difference in milk production during lactation. Specifically, we hypothesized that exposure to SD photoperiod would alter the expression of genes associated with enhanced mammary development and functional support of milk production. The objectives of this study were to identify genes differentially expressed between SD and LD photoperiod, and between 24 and 9 days prepartum, to determine associated signaling pathways, biofunctions, and upstream regulators and to draw functional associations to explain how their differential expression may influence subsequent milk production.
MATERIALS AND METHODS
Animals, photoperiod treatment, mammary biopsies. All animal procedures were approved by the Animal Care and Use Committees of the University of Vermont and the University of Illinois. Mammary gland samples used in this experiment were derived from a study described previously (4, 52, 53) . In brief, multiparous Holstein cows were dried off ϳ60 days before their predicted parturition date and randomly assigned to LD or SD photoperiod treatment for the duration of the dry period. Lights were turned on at 0800 for both groups, and off at 1600 for SD or at 2400 for LD. Mammary biopsies were collected on day Ϫ24 Ϯ 2 and Ϫ9 Ϯ 2 relative to calving, as described by Farr and coworkers (23) . Biopsies were trimmed of nonparenchymal tissue, then immediately snap-frozen in liquid nitrogen, and stored at Ϫ80°C pending subsequent RNA isolation.
RNA isolation and reverse transcription. RNA was isolated from biopsied mammary tissues as previously described (53) using TRIzol Reagent (Invitrogen) according to the manufacturer's instructions. Total RNA was further purified using the RNeasy Mini Kit (Qiagen). Nucleic acid concentration was quantified using a NanoDrop ND1000 spectrophotometer and RNA quality was assessed using an Agilent 2100 Bioanalyzer (Agilent Technologies). Samples meeting the criteria of RNA integrity number Ͼ 7.0 were used for microarray analysis.
Microarray analysis -Affymetrix GeneChip bovine genome arrays. Microarray analysis was conducted on samples from four cows for each photoperiod treatment and time (total n ϭ 16 cows). Preparation of RNA and microarray procedures were performed at the University of Vermont Microarray Core Facility using previously described protocols (2) . In brief, 2 g of total RNA were reverse transcribed to single-stranded cDNA using T7-oligo (dT) primer. T4 DNA polymerase was used to synthesize double-stranded cDNA, which served as a template for in vitro transcription using T7 RNA polymerase to produce biotinylated cRNA. The biotinylated cRNAs were fragmented into 50-to 200-base fragments and then hybridized to GeneChip Bovine Genome Arrays (Affymetrix) for 16 h at 45°C in a rotating Affymetrix GeneChip Hybridization Oven 320. After hybridization, arrays were washed and stained with streptavidin-phycoerythrin on an automated Affymetrix GeneChip Fluidic Station F450. The Biopsies were obtained from cows exposed to long or short day photoperiod. Microarray analysis was conducted on purified RNA using Affymetrix GeneChip Bovine Genome Arrays. Genes identified in response to photoperiod treatment (long day-short day). Differential expression was attributed to genes meeting the criteria of P Յ 0.05 and fold-change Ն |1.5|. †Multiple probes were differentially expressed; average fold-change and P values are shown. Top 5 Ingenuity Pathway Analysis (IPA) biofunctions and corresponding genes identified as differentially expressed in response to photoperiod. CI, cell-to-cell interactions; SMB, small molecule biochemistry; CM, cell movement; HSD, hematological system development; ICT, immune cell trafficking. Gene Ontology (GO) molecular and biological functions were assigned using Affymetrix NetAffx Analysis Center (http://www.affymetrix.com). ‡Genes in common with the bovine lactation genome (35) . *Genes meeting the criteria of false discovery rate Յ 0.2.
arrays were scanned with an Affymetrix GeneChip Scanner 2700, and the images quantified using Affymetrix GeneChip Operating Software.
Data and statistical analysis. The signal intensity for each probe was calculated from scanned images using GeneChip Operating Software (Affymetrix) . Signal intensities were analyzed using BioConductor (http://www.bioconductor.org), background corrected, normalized by the loess method, and summarized as robust multichip averages (RMA) (9, 31) . Two samples, one from each photoperiod treatment at the day Ϫ24 time point, were excluded from further analysis due to large variation in average signal intensities. This resulted in n ϭ 3/treatment for day Ϫ24 and n ϭ 4/treatment for day Ϫ9 (total n ϭ 14). Data were analyzed for the effect of photoperiod treatment (LD Ϫ SD), time relative to parturition (day Ϫ24 Ϫ day Ϫ9) and the interaction of photoperiod treatment and time. Individual probes meeting the criteria fold-change Ն |1.5| and P value Յ 0.05, were considered differentially expressed (45) . Expression data were also analyzed with the Benjamini and Hochberg test for multiple comparisons [false discovery rate (FDR)] (6). The adjusted P value Յ 0.2 greatly restricted the number of genes available for functional analysis and was not used as a filter (32, 43, 46) . To visualize the effects of photoperiod and time relative to parturition on specific genes, we generated heat maps from average RMA values using JMP 10 Pro.
Gene function and pathway analysis. Probe set information and Gene Ontology biological and molecular functions were obtained on Affymetrix NetAffx Analysis Center (http://www.affymetrix.com). Ingenuity Pathway Analysis (IPA; Ingenuity Systems, http://www.ingenuity.com) was used to identify biofunctions, canonical pathways, and upstream regulators enriched in our data sets. Differentially expressed probes (fold-change Ն |1.5|, P Յ 0.05) for each effect (treatment: n ϭ 131, time: n ϭ 177, interaction: n ϭ 956) were imported to IPA for analysis. When multiple probes for a single gene were differentially expressed, data were consolidated within IPA; probes with no current annotation were excluded from further analysis. Mapped IDs (treatment: n ϭ 64, time: n ϭ 125, interaction: n ϭ 601), were identified from the Ingenuity Knowledge Base at the time of analysis (December 2013). "Analysis ready IDs" (treatment: n ϭ 44, time: n ϭ 104, interaction: n ϭ 556) were subjected to Core Analysis. The Affymetrix GeneChip Bovine Genome Array was identified as a reference platform in IPA. We excluded biofunctions and canonical pathways specifically relating to diseases, disorders, and cancer from the analyses to obtain results most applicable to the bovine system. All other default settings were maintained. Statistical significance of enriched biofunctions and pathways was corrected for multiple comparisons within IPA using Benjamini-Hochberg (B-H) P value test correction threshold of P Յ 0.05 (6) . The z-score of activation, generated in IPA, provided insight into the functional effects of differentially expressed genes. The z-score denotes the predicted relationship between experimentally observed gene expression that is either activating (z Ͼ 0) or inhibiting (z Ͻ 0), as compiled in the Ingenuity Knowledge Base. The two functional effects with the largest |z-score| were considered representative of the biofunctional category. Canonical pathway ratios represent the number of differentially expressed genes relative to total number of genes in the IPA pathway. Comparison of our dataset to gene lists reported by Lemay and coworkers (bovine lactation genome: milk protein, pregnancy, lactation, and involution) (33) was conducted within IPA.
Analysis of upstream regulators included all IPA-defined molecule types. Two metrics, P value of overlap and predicted activation state, were used to understand the relationship among upstream regulators and differentially expressed genes. Fisher's exact P value of overlap (P Յ 0.05) assesses the significance of the expression data for genes downstream of an upstream regulator. Given the fold-change of the differentially expressed genes, the predicted activation state indicates whether the upstream regulator would have activated, inhibited, or affected (unknown direction) the differentially expressed gene. In the analysis of photoperiod, Biopsies were obtained from cows exposed to either long or short day photoperiod on days Ϫ24 and Ϫ9 relative to parturition. Microarray analysis was conducted on purified RNA using Affymetrix GeneChip Bovine Genome Arrays. Genes were identified in the effect of photoperiod treatment, time relative to parturition and the interaction. Differential expression was attributed to genes meeting the criteria of P Յ 0.05 and fold-change Ն |1.5|. IPA was used to identify canonical pathways. Benjamini-Hochberg (B-H) P value test correction to identify the probability of gene associations by chance (6) . Ratio of differentially expressed genes to the total number of genes in the canonical pathway as defined by IPA. *Canonical pathways that did not meet the B-H threshold criteria of P Յ 0.5. 2Negative fold-change; 1positive fold-change, within respective comparisons. upstream regulators affecting Ͼ 5 genes are presented, whereas in the analysis of time relative to parturition, the top five upstream regulators by lowest P value of overlap are shown.
RESULTS
The physiological responses to photoperiod treatment of cows used in this study were reported previously (4, 52) . In brief, cows exposed to SD photoperiod during the dry period produced significantly more milk (ϳ38 kg/day) compared with cows exposed to LD photoperiod (ϳ35 kg/day) for the first 16 wk of lactation (4, 52) .
Photoperiod induces differential expression of genes in the mammary gland. Microarray analysis was used to identify differentially expressed genes in response to photoperiod and time relative to parturition and the interaction of photoperiod and time. For complete lists of differentially expressed probes, see Supplemental Table S1 . 1 Among the three effects analyzed, 757 mapped genes (1,264 probes) met our criteria for differential expression.
In response to photoperiod, 131 probes were differentially expressed (LD Ϫ SD; Supplemental Table S1 ). Of the 131 differentially expressed probes, 64 unique genes were annotated by Affymetrix, 35 of which had lower expression in cows exposed to SD, relative to LD photoperiod (Table 1) . Probes (n ϭ 19) representing eight known genes met the criteria of FDR Յ 0.2 (Table 1) , in total (n ϭ 53) probes met the FDR Յ 0.2 criteria (Supplemental Table S1 ). The top biofunctions enriched by photoperiod-responsive genes were cell-to-cell interactions, small molecule biochemistry, cell movement, hematological system development, and immune cell trafficking (Table 1, Supplemental Table S2 ). Notably, nine members of the bovine lymphocyte antigen (BoLA) family were differentially expressed, including BoLA-DQA5, which underwent the largest (28.5) fold-change. Genes associated with immune cell trafficking (CCR1, S100A12, and S100A8) were primarily decreased in response to SD photoperiod. Of the differentially expressed genes in response to photoperiod, 15 were in common with the bovine lactation genome (33) ( Table 1) .
To gain further insight into the functions of these genes, we examined the top five canonical pathways enriched by genes differentially expressed in response to photoperiod ( Table 2 ). Four of the top five pathways were associated with immune function, largely due to the high fold-change of three BoLA genes. Genes associated with fatty acid oxidation ( Table 2, Supplemental Table S3 ) enriched the fifth pathway. The ratios of differentially expressed genes to total number of genes in these canonical pathways were generally low (average: 0.043), which can be attributed to 
Genes affected, n 3 Biopsies were obtained from cows exposed to long or short day photoperiod. Microarray analysis was conducted on purified RNA using Affymetrix GeneChip Bovine Genome Arrays. Genes were identified in the effect of photoperiod treatment (long day-short day). Differential expression was attributed to genes meeting the criteria of P Յ 0.05 and fold-change Ն |1.5|. Predicted upstream regulators -PRL, prolactin; DEX, dexamethasone; IFNG, interferon ␥; LPS, lipopolysaccharide; TGF-␤1, transforming growth factor-␤1; TNF, tumor necrosis factor; E2, beta-estradiol; OSM, oncostatin M; IL, interleukin members 1B, 6, 10, 13; FAS, TNF receptor superfamily member 6. Upstream regulators were identified by IPA upstream regulator function. IPA predictions of the upstream regulators' activation state are based on the direction of gene expression change. 1 Predicted activation, ↔ affected, 2 predicted inhibition. *Prolactin was included based on its role in lactation and photoperiod biology. the relatively small number of differentially expressed genes in response to photoperiod.
Of the upstream regulators identified (n ϭ 368, Supplemental Table S4 ), nearly all (97%) were predicted to affect Յ 5 of the photoperiod-responsive genes. Upstream regulators predicted to affect Ͼ 5 differentially expressed genes were selected for further investigation and included 2 factors involved in tumor necrosis factor (TNF) signaling (TNF and FAS, a member of the TNF receptor superfamily), four interleukins (IL), interferon-␥ (IFNG), transforming growth factor-␤1 (TGF-␤1), oncostatin M (OSM), and the hormone ␤-estradiol (Table 3) . Prolactin was predicted to regulate three genes and was included as a reference upstream regulator. Together, these upstream regulators were predicted to affect 26 of the photoperiod-responsive genes, the majority of which were activated. Complete lists of upstream regulators are available in Supplemental Table S4 . Biopsies were obtained from cows during the dry period on day Ϫ24 and Ϫ9 relative to parturition. Microarray analysis was conducted on purified RNA using Affymetrix GeneChip Bovine Genome Arrays. Genes were identified in the effect of time relative to parturition (day Ϫ9 Ϫ day Ϫ24). Differential expression was attributed to genes meeting the criteria of P Յ 0.05 and fold-change Ն |1.5|. All biofunctions met the B-H threshold criteria of P Յ 0.05. The top 2 functional effects as determined by z-score of activation. Biofunctions with identical functional effects are listed as associated functions. z-Score of activation: IPA prediction of the relationship between experimentally observed gene expression that is either activating or inhibiting (as compiled in the Ingenuity Knowledge Base), z-score Ͼ 0 are activating, Ͻ 0 are inhibiting. IPA required z-scores Յ Ϫ2.0 or Ͼ 2.0 to form a prediction (indicated by arrows). Associated biofunctions measure the probability that genes were randomly associated with a biofunction, P Յ 0.05 was the threshold for significance.
Expression of genes related to milk synthesis increases with approaching parturition. Time relative to parturition significantly affected the expression of 125 mapped genes (171 probes, Supplemental Table S1 ). Of the probe sets, 146 were more highly expressed on day Ϫ9 than day Ϫ24. These differentially expressed genes aligned with 28 unique (38 total) significantly enriched (B-H P Յ 0.05) biofunctions (Table 4) . Biofunctions predicted to increase (activation z-score Ն 2.0) include lipid synthesis, migration of granulocytes and neutrophils, and metabolism of carbohydrate. The functional effect, organismal death, had a z-score of activation Ͻ Ϫ2.0 and thereby was predicted to decrease. Genes associated with all biofunctional categories are available in Supplemental Table S2 .
A central theme in the time relative to parturition dataset was altered metabolism, including 45 differentially expressed genes that enriched five biofunctions highly relevant to lactogenesis: lipid metabolism, protein synthesis, carbohydrate metabolism, vitamin and mineral metabolism, and reproductive system development and function (Tables 4 and 5 ). Of these differentially expressed genes, 41 were more highly expressed at day Ϫ9 compared with day Ϫ24 relative to parturition, with an average twofold increase in expression. Genes associated with these functions also enriched the canonical pathway supporting Biopsies were obtained from cows during the dry period on day Ϫ24 and Ϫ9 relative to parturition. Microarray analysis was conducted on purified RNA using Affymetrix GeneChip Bovine Genome Arrays. Genes were identified in the effect of time relative to parturition (day Ϫ9 Ϫ day Ϫ24). Differential expression was attributed to genes meeting the criteria of P Յ 0.05 and fold-change Ն |1.5|. IPA biofunctions -LM, lipid metabolism; PS, protein synthesis; VM, vitamin and mineral metabolism; CM, carbohydrate metabolism; RS, reproductive system development and function. *Genes in common with the bovine lactation genome (33).
lipid metabolism (LXR/RXR Activation) and immune function (Table 2 and Supplemental Table S3 ). Several of these differentially expressed genes are established markers of mammary function, including AQP1, LALBA, LPL, LPO, NT5E. In addition to the milk synthesis-related biofunctions, seven genes were functionally associated with involution of the mammary gland as part of the reproductive system development and function biofunction (Table 5, Supplemental Table S2 ). Comparison to the lactation-related dataset identified 23 genes in common with the bovine lactation genome (33) ( Table 5) .
Genes differentially expressed in response to time were associated with 1,373 upstream regulators in IPA, the top five by P value of overlap were: ␤-estradiol, lipopolysaccharide, TNF, dexamethasone, and TGF-␤1 (Table 6 ). Together, these upstream regulators were predicted to affect 68 differentially expressed genes (Supplemental Table S4 ).
Interactive effects of photoperiod and time on mammary gene expression. Analysis of the interaction of photoperiod and time relative to parturition identified differential expression of 601 genes (965 probes, Supplemental Table S1 ). There was overlap among differentially expressed probes in the effects of photoperiod (9 common probes) and time (16 common probes) with those identified in the interaction. Functional analysis identified organismal death (activation score: 3.53) as the most highly enriched functional effect of the differentially expressed genes. The complete list of biofunctions and associated differentially expressed genes is in Supplemental Table S2 . One canonical pathway, IGF-I signaling, was enriched by 11 genes ( Table 2, Supplemental Table S3 ). Additionally, IGF-I was a predicted upstream regulator (Supplemental Table S4 ) of 24 differentially expressed genes. Three genes were present in both lists, resulting in 32 differentially expressed genes associated with IGF-I signaling (Fig. 1 ). Cows exposed to LD photoperiod had the lowest level of expression of five of these genes on day Ϫ24 and 21 genes on day Ϫ9 relative to calving. The expression of six genes was lowest in cows exposed to SD on day Ϫ9, all of which were most highly expressed in LD-treated cows on the same day (Fig. 1) .
DISCUSSION
Effect of photoperiod on mammary gene expression. Cows exposed to SD photoperiod during the dry period go on to produce more milk than cows on LD photoperiod (4). Comparison of the transcriptome of cows on SD or LD photoperiod, averaged over days Ϫ24 and Ϫ9 relative to parturition, identified 64 differentially expressed genes. Functional analysis of these genes and their upstream regulators provided insight into their roles as mediators of the effects of photoperiod on mammary cell growth, proliferation, and ultimately function. Among the genes and upstream regulators we identified two lactogenic hormones (prolactin and dexamethasone) and several well-known mammary growth factors (TGF-␤1 and TNF) that may mediate the changes in mammary cell proliferation in response to photoperiod (53) .
The mammary gland is thought to have evolved as part of the innate immune system, such that milk provided both nourishment and immunological protection for newborns (51) . Therefore, lactation and inflammatory responses share many common mechanisms (33, 51) . Here, we report photoperiodresponsive expression of genes with known immune regulatory function including antimicrobial and proinflammatory factors: granzyme (gzm)A, secretory leukocyte peptidase inhibitor (SLPI), butyrylcholinesterase (BCHE), and butyrophilin (BTN3A2) (22, 36, 56) . The effect of photoperiod on immune function has been well established in mammals (42, 55) , including dairy cows during the dry period (5) and specifically the mammary gland defense system (28) . Among the differentially expressed genes identified here, members of the BoLA (major histocompatibility complex) gene family have also been associated with mastitis resistance (44), the transition from nonlactating to lactating states (8, 29, 34) , and in response to milking frequency in dairy cows (15, 54) . Similarly, the immune-related upstream regulator TNF has recently been reported as photoperiod responsive by McFarlane and coworkers (40) . In mice, SD photoperiod affects TNF gene expression in the testes, which promotes angiogenesis (48) . The expression of IFNG, another immune-related upstream regulator, is responsive to melatonin in human peripheral blood mononuclear cells (27) and is associated with circadian release of hormones from the pituitary gland (11) .
Prolactin secretion may further mediate the effects of photoperiod on lactation (4, 16, 17) . Calendar cells of the pars tuberalis of the pituitary gland regulate the secretion of prolactin to align with seasonal changes in day length (37); specifically, LD photoperiod increases and SD photoperiod decreases prolactin secretion. In dairy cows, the effects of photoperiod manipulation on immune function are also regulated by prolactin secretion (21, 37) . Taken together, genes and immune-related upstream regulators may be part of a mecha- Biopsies were obtained from cows during the dry period on day Ϫ24 and Ϫ9 relative to parturition. Microarray analysis was conducted on purified RNA using Affymetrix GeneChip Bovine Genome Arrays. Genes were identified in the effect of time relative to parturition (day Ϫ9 Ϫ day Ϫ24). Differential expression was attributed to genes meeting the criteria of P Յ 0.05 and fold-change Ն |1.5|. Upstream regulators were identified using IPA upstream regulator function. The top 5 upstream regulators by lowest P value of overlap. z-Score of activation: IPA prediction of the relationship between experimentally observed gene expression that is either activating or inhibiting (as compiled in the Ingenuity Knowledge Base), z-score Ͼ 0 are activating, Ͻ 0 are inhibiting. Genes, the number of differentially expressed genes predicted to be affected by upstream regulator.
nism underlying the effects of photoperiod on immune function and lactation in the mammary gland.
The potential for common mechanisms between mammary immune function and lactation provides logical explanations for the effects of photoperiod in the mammary gland. However, we suggest that many of these genes have as-yet undescribed mammary-specific functions, in addition to their immune-related functions listed in the current annotation. Study of these genes and their upstream regulators, in the context of the mammary gland, may clarify their importance in mammary development and lactation as well as the roles they play in the response of the mammary gland to photoperiod manipulation.
Time relative to parturition affects mammary gene expression. The comparison of gene expression on day Ϫ9 to day Ϫ24 serves to both validate our method of detecting differentially expressed genes and provide insight into similarities in the mechanisms involved in the mammary response to photoperiod and the initiation of lactation. Of the 125 mapped genes we identified, 45 were associated with lactation promoting biofunctions and were common with the findings of other lactation-related transcriptional studies of the mammary gland (25, 33) . These include ␣-lactalbumin (LALBA), which is the regulatory element of lactose synthase, aquaporin (AQP1), lactoperoxidase (LPO), and 5=-nucleotidase, ecto (NT5E), all of which are established markers of mammary function. Our present dataset also overlaps with our previously reported changes in gene expression in response to milking frequency, which include complement component 3 (C3), mucin 1 (MUC1), chemokine ligand 10 (CXCL10), NT5E, myostatin (MSTN), and chitinase 3-like 1 (CHI3L-1) (54). The commonality between these datasets supports the conclusion that the genes we have identified in the effect of time are indicative of the onset of lactation. Furthermore, the consistent effects of external stimuli on expression of these genes suggest that they play an essential role in modulating mammary gland development and function. These genes may be markers of mammary function and as such could serve as targets for future efforts to maximize milk production.
Genes differentially expressed in response to time were also associated with immune function and inflammation. These genes enriched immune-related biofunctions including migration of granulocytes, adhesion of immune cells, stimulation of leukocytes, as well as immune-related canonical pathways including acute phase response and IL-10 signaling. However, classification of these genes and upstream regulators as "immune" may obscure what are actually mammary-specific functions. The products of several of these genes are found in milk, including acute phase response proteins, complement factors, LALBA, LPO, and mucins (51) . As milk components, these proteins serve both nutritional and protective functions for neonates (51) but may function in regulation of colostrogenesis and/or lactogenesis. In goats, changes in the mammary transcriptome during late pregnancy (day 90 vs. day 110), which the authors proposed as essential for functional differentiation of mammary secretory cells (24) , correspond to immune response signatures in our dataset. Others have noted the expression of acute phase response proteins in the mammary gland of healthy cows and mice, respectively (10, 49) , supporting our supposition that these immune factors may have alternate functions in the mammary gland.
Overall, the genes and upstream regulators identified as responsive to photoperiod were not the same as those identified by time relative to parturition, suggesting these effectors operate through distinct mechanisms (Fig. 2) . In addition, photoperiod did not enrich the same lactation-supportive biofunctions that responded to time, which may indicate that LD and SD photoperiod do not directly influence the metabolic pathways associated with the onset of lactation. There is, however, commonality in the immune signature associated with both sets of differentially expressed genes, further suggesting genes annotated as immune related may have mammary-specific functions that support lactation.
Interdependent effect of time and photoperiod on mammary gene expression. Genes identified in the interaction represent those that were differently affected by photoperiod depending on time relative to parturition. This may indicate that photoperiod differentially affects genes important in stage I or stage II of lactogenesis and/or that photoperiod may alter the timing of mammary development. Although this analysis was inherently less robust than that of the main effects (due to lower sample size), it proved useful for identifying functional pathways not significantly enriched by the smaller datasets generated in the main effects of photoperiod and time.
The IGF-I signaling pathway was the only canonical pathway significantly enriched by genes differentially expressed in the interaction of photoperiod treatment and time. IGF-I stimulates growth and proliferation of mammary secretory cells, in response to estrogen stimulation (35) , in preparation for milk secretion (3) and has been investigated as a potential mediator of photoperiodic effects on the mammary gland (19, 21, 53) . We report that the interaction of photoperiod and time affected expression of 32 genes associated with IGF-I, including growth hormone receptor (GHR), IGF-I receptor (IGFIR), and IGF-I binding proteins. Differential expression of these genes in the interaction indicates the effects of photoperiod on IGF-I signaling differ by time relative to parturition. We interpret this to mean that the physiological state of the gland influences its response to photoperiod. Because Auchtung and coworkers (4) reported an increase in milk production in cows exposed to SD photoperiod during the dry period, we suggest that IGF-I signaling may, in part, mediate the effects of SD photoperiod on enhanced mammary development and function in the ensuing lactation (Fig. 2) .
In conclusion, photoperiod manipulation during the dry period induces differential expression of the mammary transcriptome in dairy cows. Photoperiod-responsive genes were associated with mammary development and immune function consistent with the enhancement of milk production in the ensuing lactation. Furthermore, we propose these genes may have mammary-specific functional roles, in addition to their immune-related annotation. Overall, the transcriptomic signatures of photoperiod and time were distinct, suggesting these effectors utilize different mechanisms of action. Molecular signatures identified in the interaction of photoperiod and time implicate IGF-I signaling as a potential mediator of the physiological changes in the mammary gland in response to photoperiod. Further study of gene targets identified here may elucidate mammary-specific gene functions and will ultimately expand our understanding of photoperiodic effects on mammary development and function.
